Tree diameter at breast height (dbh) and height are the most important variables used in forest inventory and management as well as forest carbon-stock estimation. In order to identify the key stand variables that influence the tree height-dbh relationship and to develop and validate a suit of models for predicting tree height, data from 5961 tree samples aged from 6 years to 53 years and collected from 80 Chinese-fir plantation plots were used to fit 39 models, including 33 nonlinear models and 6 linear models, were developed and evaluated into two groups. The results showed that composite models performed better in height estimate than one-independent-variable models. Nonlinear composite Model 34 and linear composite Model 6 were recommended for predicting tree height in Chinese fir plantations with a dbh range between 4 cm and 40 cm when the dbh data for each tree and the quadratic mean dbh of the stand (Dq) and mean height of the stand (Hm) were available. Moreover, Hm could be estimated by using the formula Hm=11.707×ln(Dq)-18.032. Clearly, Dq was the primary stand variable that influenced the height-dbh relationship. The parameters of the models varied according to stand age and site. The inappropriate application of provincial or regional height-dbh models for predicting small tree height at local scale may result in larger uncertainties. The method and the recommended models developed in this study were statistically reliable for applications in growth and yield estimation for even-aged Chinese-fir plantation in Huitong and Changsha. The models could be extended to other regions and to other tree species only after verification in subtropical China.
Introduction
Tree height and tree diameter at breast height (dbh) are the principal important variables in tree growth models. However, tree height cannot be measured easily in the field. Usually, compared to dbh, the measurement tends to be affected by observer error and is hindered by visual obstructions [1] [2] . Tree height and dbh are allometrically related, and the allometric relationship between them is valuable and is commonly used in stand-level planning for silviculture alternatives and effectiveness monitoring [3] [4] . Thus, accurate prediction of tree heights is critical in forest inventory compilation, yield modelling, and management decision-making [5] [6] [7] , as well as carbon budget. Bias in estimating tree height-dbh relationships may result in large uncertainties of estimation for above-ground carbon stocks [8] . Reliable estimates of tree height are essential for assessing above-ground biomass, and strongly affects both ecological and ecophysiological processed-based models of forest growth. In addition, determinations of forest stand biomass have usually been considered to ensure sustainable management, and foresters have applied different methods to obtain such estimates [4] . In evenly-aged, simply structured monocultures, stand-based approaches are appropriate to explain and model tree growth [9] . Individual-tree growth models are fundamental components of forest growth and yield prediction frameworks [10] . Previous ecological research has focused on the height-dbh model building only based on dbh, stand density and basic trunk area. However, model selection and the relationship among stand variables have been less widely studied.
In an earlier study [11] , none of the available or derived bivariate generalisations of the univariate lognormal, gamma, and Weibull distributions provided reasonable height-dbh relationships. Several bivariate distributions, potentially useful for describing the joint frequency distribution of tree diameters and heights in even-aged stands of timber, were reviewed.
Many height-dbh models have been developed and used to estimate tree height from dbh [12] . A large number of generalised height-dbh equations have been reported that have been developed especially for a particular species or for specific areas. The relationship between height and dbh of even-aged stands can be expressed by linear functions, such as second-order polynomial equations. Curtis [13] summarised a large number of available height-dbh models and used the Furnival Index to evaluate the performance of linear functions fitted to second-growth Douglas fir data. The commonly used functions are, however, nonlinear. Huang et al. [14] evaluated 20 nonlinear height-dbh models for major Alberta species. Ecoregion-based height-dbh models have also been developed [5, [15] [16] [17] . With the relative ease of fitting nonlinear functions, the nature of nonlinear height-dbh functions has now been widely used in height predictions [18] [19] [20] [21] ; however, an expansion of the predictions would probably lead to biased predictions, owing to variability of the height-dbh relationship. This relationship is highly dependent upon the growth conditions and upon stand characteristics such as stand density, stand age, basal area, site index, mean and dominant heights and diameters. The height-dbh relationship was variable across different stands and even changed with time in the same stand. Therefore, we could not use a simple function for all possible relationships between height and dbh. Mixedmodel methods have been used to estimate fixed and random-effect parameters for some height-dbh functions. The random effects specific to each plot allowed for the lack of independence among observations derived from the special hierarchical structure of the data (trees within plots). Moreover, Castedo et al. [22] pointed out that the mixed-effects model provided better model fitness and more precise estimates than the corresponding basic generalised model. As for mixed-effects models, local height-dbh models adequately described the relationship between both tree characteristics at the stand level, if derived from a sufficiently representative sample of diameter-height measurements, and were often used in forest inventories [7] . However, there have been very few in-depth studies on height-dbh relations for Chinese fir plantations.
Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is a principal native tree species in subtropical areas of southern China and is used extensively as the main commercial species for construction, railroad ties, mine timber, furniture, wood pulp and other purposes. There is still a knowledge gap regarding the height-dbh relationship for Chinese-fir plantations. Therefore, the aim of this study were to: 1)develop a model that could be used to predict the height-dbh relationship for Chinese-fir plantations in central southern China; 2) determine which stand variables influenced the height-dbh relationship significantly. 
Materials and Methods

Ethics Statement
Site description
The study site were located in Huitong and Changsha counties, Hunan Province, China (Lat. 24°38 0 to 30°08 0 N and Long. 108°47 0 to 114°15 0 E) (Fig 1) . The study area is in a humid, subtropical monsoon region with annual precipitation of 1,400 mm, mean annual average temperature of 16.8°C and mean annual average evapotranspiration of 1322 mm, and the frost-free period is 278-300 d. Elevation of the study sites is 280-390 m and 55-220 m in Huitong and Changsha, respectively. The soil of the study site in Huitong is a red, clay loam soil originating from shale and slate parent rocks, and in Changsha it is a red soil on a slate parent rock. In order to include a range of stand conditions and silvicultures, the sample trees were selected from plots of different characteristics within subtropical plantations in these regions. A total of 80 Chinese-fir plantation plots, ranging in age from 6 to 53 years were selected within the study areas. Each plot was of 666.7 m 2 (fixed size) and square in shape with a side of 25.82 m.
The maximum age, dbh and height of mature trees in these plots were 53 a, 43.9 cm, and 27.9 m, respectively. And the average age, dbh and height of mature trees in these plots were 48 a, 26.8 cm, and 19.1 m, respectively.
Data collection
In all plots, the dbh (d in cm) of all trees larger than 2 cm was measured. The following standlevel variables were calculated for each plot, based on data from a complete survey: stand density (N in stemsÁha ), quadratic mean dbh (Dq in cm). The five highest dominant trees and about 50 sample trees were selected randomly for each plot and, for each tree, the dbh, the height (h in m), the height below the lowest live branch and the crown width were measured. The stand mean height (Hm in m) was calculated using the accumulated basal area data from the sample trees. Other stand-level variables, such as the dominant dbh (D0 in cm) and the dominant height (H0 in m), were calculated from the accumulated basal area data from the five highest dominant trees in each plot. In total, there were data from 5961 Chinese-fir tree samples available for this study.
The data for the 5,961 sample trees were randomly divided into two parts. The majority of the data (80%) were used for model calibration, and the remainder (20%) were used for model validation. For the calibration data, the mean dbh and height were 13.0 cm and 10.70 m, respectively, whereas for the validation data, the mean dbh and height were 13.9 cm and 10.87 m, respectively. Descriptive stand characteristics, including stand-level variables, are provided in Table 1 .
Model description and selection criteria
Both linear and nonlinear models were used here in order to compare their performance. In this study, we considered the most commonly used models, especially developed for Chinesefir. Finally, we analysed two groups of generalised height-dbh models given in Table 2 , making 39 equations in total. Based on the number of independent variables, two groups were established, as follows:
Group 1: models using one independent variable, requiring only dbh measurements. Group 2: models using two or more independent variables, requiring measurements of dbh and other stand characteristics. Model evaluation and comparison were based on graphical and numerical analysis of the values of the following statistics: 1) root of mean square error (RMSE) (Eq 1), which analysed the precision of the estimates (the smaller, the better); 2) adjusted coefficient of determination (R 2 adj) (Eqs 2 and 3), which reflected the part of the total variance explained by the model and which took into account the number of parameters that were necessary in making the estimates (the greater the value, the higher the interrelation between the variables); 3) bias (Eq 4) and relative bias (Eq 5), which evaluated the deviation of the model with respect to the observed results (the smaller, the better); and 4) Akaike's information criterion (AIC) (Eq 6 and Eq 7), which is a commonly used information criterion and which was used to select the best model (as a rule, the model with the lower AIC values was preferred). The expressions for these statistics are as follows:
Coefficient of determination :
Adjusted coefficient of determination : Table 2 . Height-dbh models selected for comparison.
No. Model References Group
Liner models
Nonlinear models 
Relative bias ð%Þ ¼ 100
Residual sum of squares :
Akaike's information criterion : AIC ¼ nlnðRSSÞ þ 2ðp þ 1Þ À nlnðnÞ ð 7Þ where y i ;ŷ i and y are the observed, predicted and mean values of heights, respectively; n is the total number of data used in fitting the model; and p is the number of independent variables.
Data analysis
Most of the models described above are nonlinear, so model fitting was carried out using the SPSS statistical program package 13.0 (SPSS for Windows, Version 13.0, SPSS, Chicago, IL, USA) and the Levenberg-Marquardt (LM) method. The initial values of the parameters for starting the iterative procedure were obtained, where possible, by previously linearising the equation and fitting it to the data by ordinary least squares, using the regression procedure of the SPSS programme.
Results
Variation in h-dbh relationship among variables
The scatter plot of the individual height and dbh values for individual trees of Chinese-fir plantations is presented in Fig 2. At dbh values less than 20 cm, tree height increased rapidly as dbh increased; however, as the dbh increased further, the increase in tree height slowed down and the height-dbh curve became less steep. 
Model fitting and selection
Results of goodness of fit and prediction accuracy for the calibration and validation datasets are given in Table 3 for the Group 1 models and in Table 4 for the Group 2 models. The adjusted R 2 and RMSE values were approximately equivalent among the Group 1 models (Table 3) .
Among the Group 1 models, Model 4 produced the best fit to the data (the highest adjusted R 2 and the lowest RMSE, bias and AIC) in the calibration dataset and could be considered as the equation with most accuracy for tree height estimation in Group 1. This equation only used one independent variable (dbh) for predicting the height and produced a good fit to the data. When stand variables were taken into account (i.e. Group 2 models), different performances were revealed amongst the models. For the Group 2 models, the adjusted R 2 values ranged from 0.8667 to 0.9136 and the RMSE values ranged from 1.2627 to 1.5827 in calibration dataset (Table 4) . Furthermore, most Group 2 models had a larger adjusted R 2 and a smaller RMSE than the Group 1 models. The values for AIC in the calibration dataset were very high among the Group 1 models. The value of AIC decreased by 2,158.1 in the calibration dataset for Group 2 models. For selection, models were ranked in terms of their performance (adjusted R 2 , RMSE, absolute bias, relative bias and AIC) for the calibration and validation datasets. In this analysis, models that ranked within the first two or three are summarised in Table 5 (with a number in parenthesis indicating the rank of the model according to the respective attribute). With respect to adjusted R 2 , the model with the value closest to one was the highest-ranking, whereas for bias (both absolute and relative bias), the model with the value closest to zero was considered to be the best. For RMSE and AIC, the model with the lowest value had the highest ranking. For each model, its ranking for the five evaluation statistics was summated. The model with the smallest sum total (i.e. the highest overall ranking) was considered to be the best growth function for each of the Chinese-fir databases. According to this analysis, amongst the Group 1 models, Model 4 was the best model for the calibration dataset, whereas Model 16 was the best for the validation dataset. Model 15 ranked similarly for both the calibration and validation datasets. On the whole, there was little difference amongst the Group 1 models. The best-performing models-not only in Group 2 but across all models-were the nonlinear models, Model 37 and Model 34, followed by the linear model, Model 6. The nonlinear models therefore performed a little better than the linear models. The observed heights versus the predicted heights for these models, for all datasets, are shown in Fig 5. The criterion used to evaluate the performance of a model was the determination coefficient of the straight line between the observed and predicted heights (i.e., the solid line represents the diagonal). Each model had a relatively high R 2 , so the solid line was closely surrounded by the data points. No significant tendency towards overestimation or underestimation of height values was observed, except for the overestimation in Model 6 (Fig  5a) when tree height was small. The residuals versus the predicted height in the calibration dataset of Models 37, 34 and 6 are shown in Fig 6. Most data points were distributed around the zero line. These models showed an approximately homogeneous variance over the full range of the predicted values, as well as independence of the residuals. Fig 7 shows the values for the average bias obtained with respect to diameter, in the calibration and validation datasets for Models 6, 34 and 37. The biases for large and small values of diameter were greater than the biases for intermediate values.
From the analysis described above, Models 37, 34 and 6 emerged as the three best models in this study. The number of parameters used in Model 37, however, was quite high. For this reason, Models 34 and 6, which used a smaller number of parameters (6 and 3 parameters, respectively), were selected as the final models in this study.
Parameter estimates
Initial development of the models was conducted using only 80% of the dataset and the parameters for Chinese-fir were estimated for all of the models. For Models 34 and 6, the parameter estimates and fitting statistics were calculated using all of the dataset and are shown in Table 6 . All parameters were significant (p < 0.05). The parameters for each model were easily obtained using the calculation procedures. Table 7 shows the parameter estimates for the final two models for the various different age classes. The parameter estimates also varied between the two sites ( Table 8) . Fig 8 shows the relationship line for the final height-dbh models across different sites. We used fixed Dq (15.04 cm) and Hm (15.64 m) values for the final models within specific diameter ranges (6.5 to 23.2 cm). It was clear that the fitting of the models for all datasets was overestimated for Changsha and underestimated for Huitong. 
Discussion
Relationship between height and stand variables
Previous studies had shown that the inclusion of stand characteristics as independent variables in height-dbh models improved the prediction accuracy of tree height estimation [23] [24] [25] [26] . Stand variables reported in the literature include dominant dbh, dominant height, stand age, number of trees per hectare, stand basal area, density stress, developmental status and the combination of density stress and developmental status. This conclusion has been reconfirmed for Chinese-fir plantations in this study, in which height-dbh models for Chinese-fir have been assessed for practical application in subtropical China. Group 1 models can be used to predict the height-dbh relationship for a stand using only dbh (d) as independent variable. If other stand characteristics are measured-such as mean height (Hm), quadratic mean dbh (Dq), dominant dbh of the stand (D0), mean height of the stand (Hm), dominant height of the stand (H0), number of trees per hectare (N) and age of the stand (t)-then a choice can be made from Group 2 models, based on the best model for the particular situation. Measured height-dbh pairs can be used in refining the model for use with a particular target stand, and information regarding development status can be used (i.e. the specific stand age). Furthermore, the future height-dbh curve for a stand can be predicted, though this requires the prediction of Hm and Dq. In this study, the models containing Dq and Hm predicted tree height very effectively. Dq could be calculated easily from the diameters at breast height of all trees in the stands, but Hm required measurements of sample trees to be taken; any bias in the selection of sample trees would prejudice the accuracy of the resulting height prediction. The scatter plot and logarithmic trend line for stand Dq and Hm values are shown in Fig 4, and it is clear that Hm could be predicted easily from Dq. Thus, from a predictive viewpoint, Dq was the most important stand variable to influence the height-dbh relationship.
The variation in the height-dbh relationship for stands of different ages is shown in Fig 3. Owing to the allometric relationship between tree height and dbh, the rate of increase of tree height was significantly different from that of dbh. Though the stand age was not the most important variable in the tree height-dbh relationship, some differences in parameter estimates were found among the selected models. Therefore, tree age should be considered when choosing models and parameters aimed at predicting tree height more accurately. Sánchez [23] found that the inclusion of stand age and density contributed to model performance for even-aged Pinus radiata stands. Vanclay [27] also reported that stand density played an important role in evenaged pure plantations. However, Mehtätalo [28] observed that the development of the heightdbh curve for a shade-tolerant tree species, Norway spruce, depended upon the stand average tree size rather than upon stand age. This study presented a similar result, in that the stand age (t) and density (N) in the models were less significant than Hm and Dq; this is explicable because Dq and Hm reflect variations in stand age and density. Furthermore, the planting density of Chinese-fir plantation in this study was initially identical. With increasing stand age, stand density would be decreased by intermediate cutting, and this would create a different stand density. Given sufficient growth space, the different stand density would not affect tree growth. Site properties also affect the rate of development of forest stands. That is why forest stands on poor sites develop more slowly and take longer to reach maturity, compared to stands on fertile sites.
Given that tree height and dbh usually increased with tree age and were influenced by density, the models predicting the development of the height-dbh curve for a stand performed better when Hm and Dq were used as the variables describing the stand rather than stand age and density. This effect on the performance of the models was probably true for aspects of model prediction other than the height-dbh curves. Hence, when modelling the development of any stand characteristics, e.g. diameter distribution and stand growth, the use of stand age as the sole variable for determining the stage of development of the stand should be viewed critically.
The relationship line for the final height-dbh models at different sites (Fig 8) showed that the fitting of the models for all datasets was overestimated for Changsha and underestimated for Huitong. The results could be attributed to the differences in local climate and soil conditions between the two sites. Comparing Chinese-fir plantations grown at different sites, the yields at sites in the central Chinese-fir producing area were usually higher than at sites in hilly areas. The mean annual temperature in Huitong is 16.5°C, which ranges from an average of 4.3°C during the coldest month (January) to 27.1°C [29] during the warmest month (July) [29] [30] [31] ; while the mean temperature is 17.1°C for Changsha with mean temperature of 4.9°C in January and 29.0°C in July [29, 31] . It was reported that the difference in meteorological factors between Huitong and Zhuting (adjacent to Changsha, about 50 km away) indicated that the climate in Huitong was more favourite for the growth of Chinese-fir plantation, with stand production of 9.18 ×10 4 kgÁhm -2 for Huitong (mean dbh of 11.7 cm) and 5.93×10 4 kgÁhm -2 for Zhuting (mean dbh of 8.2 cm) both at stand age of 11a [31] . Huitong is the main production area for Chinese-fir in the central southern part of China and the soil conditions there are especially suitable for the growth of Chinese-fir. Our results were consistent with the study of Pan et al. [31] . As a consequence, the parameter estimates therefore also varied between the two sites (Table 8) .
Model evaluation and application
Model selection was based on goodness of fit, precision and practical application. Model comparisons were carried out based on the ranking (Table 5) . Using this approach, the Group 1 models could not be clearly differentiated. This result may be explained by the monotonic increment of tree height with dbh, as shown in Fig 2. It may coincide with the property of the first monotonic increment of a reasonable height-dbh model format, as suggested by Lei and Parresol [32] , which should possess the S-shaped functional properties of monotonic increment, inflection point and asymptotical value. In the case of the Group 2 models, Models 37, 34 and 6 were the most consistent between calibration and validation data. In general, the inclusion of new independent variables in the height-dbh model reduced bias and increased the precision of the model. So, with a larger sampling effort and a greater number of stand variables measured in the field, the Group 2 models performed better than the Group 1 models in tree height prediction. Specifically, Models 34 and 6 provided a relatively accurate prediction for this tree species using dbh (d), mean height (Hm) and quadratic mean diameter (Dq) as independent variables. The positive performance of Model 6 may be due, in part, to the inclusion of the competition index (d/Dq), represented as the ratio of individual tree diameter and quadratic mean diameter, an important variable for the social status of trees [33] , especially for plantations under competition stress. Vargas-Larreta [34] also found that the model which included the dbh (d) and the quadratic mean diameter (Dq) and the dominant height of the stand (H0) as independent variables predicted well in uneven-aged stands. Therefore, Models 34 and 6, which used dbh (d), mean height (Hm) and quadratic mean diameter (Dq) as independent variables, displayed the best performance and showed consistency between the calibration and validation data, and were therefore selected as the final models.
Lei et al. [2] , however, showed that a linear mixed-effect model performed better than nonlinear mixed-effect models for young black spruce and jack pine plantations. Tree height and diameter relationships are generally described using nonlinear models. In the present study, we found that nonlinear mixed-effect models performed better than linear mixed-effect models for Chinese-fir plantations. This may be a consequence of the rapid growth of Chinese-fir and the warm and humid climate in this particular area. Furthermore, nonlinear models are more flexible than linear models.
From the analysis above, Models 37, 34 and 6 were the best three models in this study. There were some similarities between Models 37 and 34 and the fitting statistics of the two models were almost equal. The number of parameters in Model 37 was quite high, however. Some of these parameters were 'second-level' parameters, which were included to improve the properties of parameter estimates and to provide interpretations for the actual parameters of the model. There was no need to estimate too many parameters for prediction models because this study aimed at predicting rather than studying the effects of different factors on the height-dbh relationship. Furthermore, the second-level parameters may cause other hurdles in the estimation phase. Thus, Models 34 and 6, with fewer parameters (six and three parameters, respectively) were selected as the final models in this study.
The development of simple and accurate models that allow forest managers to reliably determine the height of trees in a stand from dbh data is of prime importance in forest management. In this study, the two selected models not only had good statistical reliabilities, but were also easy to apply. Estimating mean tree height was required for the practical application of the models. As shown in Fig 7 (a, b) , the biases for large and small values of diameter were greater than the biases for intermediate values; this may be due to a very small number of observations in smaller (d<4cm) and larger (d>40cm) trees. The equations selected (Models 34 and 6) are therefore best used within the range of values 4 cm to 40 cm. Applications beyond this range should be used cautiously and tested further.
Uncertainty in predicting small tree height at local scale For the smaller tree (dbh (d) is less than 15 cm), the Fig 8 showed a distinct variations in height-dbh relationships for Chinese fir plantations between the Changsha and Huitong regions. The whole provincial height-dbh models seem to overestimate the tree height in Changsha region, but underestimate the tree height in the Huitong region. However, there was no significant variation in height-dbh relationships when the dbh (d) is larger than 15 cm. Both model 6 and 34 showed the consistent results for both regions. Model form and model parameters were essential for the model applications. Even though we have demonstrated both model 6 and 34 are robust in model structure, the parameters are therefore determining factor to influence the accuracy of the models application. For example, Kearsley et al. [8] showed that above-ground carbon stocks would be overestimated by 24% if the inaccurate tree height-dbh relationships were used. Therefore, using provincial-based tree height-dbh for predicting small tree height at local scale may result in larger uncertainties.
Conclusions
In this study, 39 height-dbh models were calibrated and tested on trees in Chinese-fir plantations between 6 and 53 years old in subtropical China. Model selection was based on goodness of fit, precision and practical application. The results showed that composite models that included additional stand variables improved model performance. The best predictions of height were obtained using nonlinear composite Model 34 and linear composite Model 6, which used six and three parameters respectively; these were recommended for Chinese-fir plantations with a dbh range between 4 cm and 40 cm. The inclusion of the quadratic mean dbh (Dq) and mean height (Hm) as independent variables in the height-dbh equations appears to be necessary to achieve acceptable predictions. It is clear that quadratic dbh (Dq) and mean height (Hm) influence the height-dbh relationship; and furthermore, the formula Hm = 11.707×ln (Dq)-18.032 can be used to predict Hm from Dq. Although stand age was not the most important variable in the height-dbh relationship, tree height increased with tree age within the same diameter class. And the stand density did not effect tree growth in this study. The local climate at different sites also influenced the prediction of tree height; therefore there were some differences in parameter estimates for different ages and sites. The inappropriate application of provincial or regional height-dbh models to different ecoregions can produce significant errors for estimating local tree height and volumes.
The method and the recommended models developed in this study were statistically reliable for applications in growth and yield estimation and management planning for Chinese-fir plantations in central south of China. The models could be extended to other regions and to other tree species only following verification.
